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ABSTRACT 
 
  
The goal of the present study was to fabricate perforated membrane structures in 
polymers with the pore diameter ranging from 10 µm down to the sub µm scale. The perforated 
membrane structure plays an important role in many biological systems. Thus the ability to 
reproduce such architecture will help with the study of biological systems by mimicking 
biological cell membrane-like structures and open new vistas in the study of transport behavior 
in cell biology and the separation of biological vesicles. Such structures also have potential uses 
as components in polymer optics and modular micro/nanofluidic devices. 
 Use of polymer substrates is desirable due to the variety of materials and properties 
available, their biocompatibility and low manufacturing cost.  In order to realize low cost 
production of the membrane structures, a single step imprinting process was employed, which 
was combined with a sacrificial layer technology and semiconductor micromachining processes.  
The stamps with micrometer-scale features were fabricated using photolithography on a 
resist-coated Si wafer, followed by deep reactive ion etching into substrate Si. Prior to 
imprinting, the stamp surface was treated with a fluorinated silane in the vapor phase in an in 
house chemical vapor deposition (CVD) chamber to  improve the demolding process.  SU-8 was 
used as an imprint resist and either poly(methyl-methacrylate) (PMMA), or a lift off resist (LOR) 
as a sacrificial layer. Optimal imprinting conditions for SU-8 imprinting were found at 135°C 
and 4 MPa. Demolding performed at (60 ± 5)°C showed minimal or no damage to both stamps 
and imprinted structures. UV curing of SU-8 lead to sufficient mechanical strength of the resist 
to enable it to form free standing membrane after lift-off of the sacrificial layer. 
 xiii 
In order to demonstrate the application of the perforated membrane structures, selective 
formation of lipid vesicles was demonstrated in SU-8 membranes by using  Poly(L-Lysine)-
poly(ethylene glycol) (PLL-PEG) to  selectively pattern the membrane surface providing a 
nonspecific adsorption of the lipid vesicles in the non-porous areas. The pores showed formation 
of lipid bi-layer as confirmed by optical micrographs of the membrane surface showing faint 
traces of Trypan-blue dye used to the stain the lipid solution.  
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CHAPTER 1. INTRODUCTION 
 
 
1.1 General Background  
 
Imitating the architecture of naturally existing systems in an economical way can provide 
a platform for various fundamental and applied research activities. Among the numerous 
architectures existing in biological systems, perforated membrane structures which have 
openings accessible from both sides are one of the most interesting structures since they play an 
important role in many biological systems. The applications of membranes are versatile and in 
varied fields like transport behavior, gas separation (Orme, 2003), micro- and nano filtration 
(Nataraj, 2006), biomaterials (Wang, 2001), lab-on-a-chip systems (Song, 2004), and polymer 
optics (Schift 2005). 
Technologies involving the use of artificial membranes are now widespread in the 
industry (Ulbricht, 2006). In many industrial applications some of the state-of-the-art synthetic 
membranes have a better overall performance than their biological counterparts. An example is a 
reverse osmosis process in water purification where such membranes are used to achieve very 
high salt rejection and water fluxes (Nataraj, 2006). Synthetic membranes have come to play an 
important role in the study of proteins using lipid layers. Their mechanical stability is far greater 
than the traditional phosphor-lipid membranes widely-used in laboratories. Commercially 
available membranes like those fabricated by polymer synthesis, ion track etching of polymers, 
or anodizing of aluminum were used for these purposes. However the drawbacks of those 
membranes are the random nature of pore arrangement and the difficulty in achieving pores with 
a narrow size distribution. High-end micro and nanofabrication methods such as e-beam 
lithography and focused ion beam allow for formation of regularly patterned pore, but are serial 
in nature and thus highly expensive. Block co-polymers (Hancock, 2000), however, have been 
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used to fabricate semi-permeable membranes having hydrophilic surfaces making them suitable 
for use as a platform for biological studies. 
With the aforementioned applications in mind polymer substrates are a natural choice in 
synthesis of artificial membranes due to the variety of materials and properties available, their 
biocompatibility and possibility for low cost manufacturing. The use of polymers has attracted 
significant interest in disposable biomedical devices and in applications where a large number of 
identical samples are required to study many biological events. Development of a fast, 
inexpensive technology for producing perforated polymer membranes with micro- and nanoscale 
pores will help open new opportunities in many research and application fields, especially in 
biomimetic and bio-analytic devices.  
In this study a low cost and high throughput fabrication method to produce perforated 
polymer membranes having features from tens of micrometers down to the nanometer scale was 
developed. In order to achieve high throughput, a modified imprint lithography that combined 
thermal imprinting with a UV curing process was used to define patterns both in polymer sheets 
and in thin polymer films spun on silicon (Si) substrates. This was combined with 
micromachining processes to produce complete perforated structures.   
1.2 Goal and Objectives of The Study 
 
The primary goal of this study was to fabricate perforated membrane structures down to 
sub-micrometer in pore diameter in both polymer thin films and polymer sheets using a 
combination of semiconductor manufacturing technologies and the principle of imprint 
lithography. All the processes which were employed for the fabrication were parallel processes, 
keeping in mind the requirements for a low cost and high throughput technology. This will 
enable a practical use of the fabricated structures in a variety of useful applications. As an 
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application of such perforated membrane structures in biological studies, the formation of lipid 
layers in the micro and nano-pores in the membrane was demonstrated. These will be useful in 
quantitatively studying transport behavior through lipid layers. Their were a number of technical 
objectives in order to achieve the goal. The design and fabrication of high quality stamps with 
micro and nano pillars being the most important.  Other objectives included developing a 
modified imprinting process combining thermal imprinting with a UV curing process to define 
patterns of micro and nanopores in polymer substrates; involving a micromachining processes to 
complete the supported membrane structure and demonstrating an applications of the free 
standing membrane structures in the study of lipid bi-layers. 
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CHAPTER 2. LITERATURE SURVEY 
 
Numerous studies have been undertaken on membrane technologies, especially polymeric 
membranes having advanced or novel functions in various processes like gas separation, filters, 
and other important biological applications for many ‘Lab-on-a-Chip’ technologies. One 
important issue towards this aim is to develop novel fabrication techniques for making such 
membrane structures with pores of micro– and nano scale sizes at designated locations in a cost 
effective manner. Nanoimprint lithography (NIL) is one of the most promising techniques in the 
fabrication of micro- and nanoscale structures in polymer materials at a low cost and with high 
throughput by using conformal molding.  A number of researches have explored the NIL 
technique and its myriad applications in areas ranging from electronic and optoelectronic devices 
to Micro Electro Mechanical Systems/Nano Electro Mechanical Systems (MEMS/NEMS) for 
biological applications such as local immobilization of protein (Falconnet, 2004) and study of 
protein stretching using nanofluidic devices (Guo, 2003). 
The focus of this chapter is two fold. It first reviews prior work done on membrane 
technologies; their applications and fabrication techniques like polymer synthesis, aluminum 
anodization, ion–track etching, focused ion beam (FIB) techniques. Then, a review of the NIL 
technology with focuses on the NIL process and its derivative processes and applications of the 
NIL process in fields such as electronic and optoelectronic devices, bio-chemical patterning, and 
genomic studies using perforated membrane structures, and prior work attempts to fabricate free 
standing membranes, is provided. Past work related to membrane fabrication is emphasized and 
failures of previous attempts in fabrication of fully released membrane structures are critically 
discussed along with suggestion of improvement as performed in the current work.  
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2.1 Membranes 
2.1.1 Applications of Membranes 
 
A membrane is an interphase between two adjacent phases acting as a selective barrier, 
regulating transport between the two compartments. (Ulbricht, 2006). Membrane technologies 
having been inspired initially by filtration /separation and recently by other areas such as 
biological membranes. Ranging from applications in medicine and chemical industry water 
treatment to polymer optics, membranes have a diverse range of applications.  
The first generation membranes were made with cellulose derivates developed for 
different purposes. Here the focus would be in reviewing the new generation novel functional 
membranes prepared from polymers, their fabrication technique and applications. 
 One of the most important applications of membranes is in a filter for various water 
treatment applications. Several studies have been performed with membrane-based filter 
applications. One study (Capar, 2005), performed to determine the pre-treatment procedure for 
acid dye waste water from carpet manufacturing industries, showed promising results using 0.45 
µm membrane filters. Results from Ultra Filtration, sequential and single Micro Filtration (MF)  
were compared and parameters such as COD (Chemical Oxygen Demand), turbidity, total solids 
removal efficiency were evaluated.  Based on these parameters the 0.45 µm membrane based 
single MF proved to be the simplest technique achieving a 15 – 100% color and 62 – 86% 
turbidity removal efficiencies. Another study involving commercial nanofiltration and thin film 
composite reverse osmosis (RO) membranes in the treatment for distillery waste water showed 
excellent results in removal of color and contaminants from distillery waste. Feed water with 
51,500 ppm of contaminants has been shown (Nataraj, 2006) to be cleared to 9,050 ppm in the 
colorless permeate obtained. 
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Apart from being an efficient and low cost filtration method, filters made of polymer 
membranes have the added advantage of being chemically inert. Traditional ceramic cups used 
for sampling soil water resulted in phosphorous adsorption from soil water. In a study using 
poly(ethersulphone) membranes (Nelson, 2006) of pore size 0.45 µm and bubble point > 200 
kPa, the filters were found not to absorb or desorb.  The soil solution being unaltered chemically 
by these membranes opens the possibility for a much wider range of applications using polymer 
membrane based filters.  
The uses of membranes in gas separation have also been studied. A feasibility study 
(Orme, 2003) for determining the viability of polymer membranes as protective coating (from 
CO2) for hydrogenation catalysts proved that polymer materials like polystyrene, poly(methyl 
methacrylate) (PMMA), poly-sulphonic acid and poly(vinylidene- fluoride) (PVDF) have an 
ideal selectivity that favor H2  over CO2 with good permeability (23.8 barrer for H2 using 
polystyrene) 
Membranes have widespread applications in the field of bio-analytical devices as well. 
Much work has been done in the development of membrane-based bio-analytic devices. A study 
performed (Jiang, 2001) to evaluate the use of membranes in high-throughput residue analysis of 
food contaminants and drug screening of small molecule libraries showed promising results. A 
PVDF membrane with molecular weight of 80 kg/mol was sandwiched between      imprinted co-
polyester micro-channels to form an integrated platform for continuous affinity dialysis and 
concentration of a reaction mixture of aflatoxins (aflatoxins B1, B2, G1, G2). In addition to the 
advantages of reduced sample consumption the microfluidic device showed a detection 
sensitivity of 1-2 orders of magnitude better than that in previous studies.   
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In another work (Jiang, 2001) a PVDF membrane-based (0.1 µm pore size from 
Millipore) microfluidic device coupled to a micro enzyme reactor was used for achieving rapid 
protein digestion and peptide separation. Comparison with high performance liquid 
chromatography revealed a 5 times reduction in sample consumption and twice the concentration 
of eluted peptides as obtained from the micro liquid chromatography.  Lipid bi-layers as bio-
sensors are currently being studied by numerous groups. One work (Nikolelis, 1995) reports use 
of polymer membranes as support for lipid bi-layers for rapid and sensitive determination of 
acetylcholine, urea and penicillin in flowing streams. Supported lipid bi-layers (SLB) have been 
shown to exhibit enhanced mechanical stability at high flow rates of the carrier solutions (20.4 
ml/min). Fast response times as small as 10 s were obtained with low sample consumption, thus 
reducing cost of analysis samples. The stability of SLB is expected to provide new opportunities 
in the strategy of chemical sensing, and newer applications for polymer-based membranes in bio-
chemical analytic devices. 
Perhaps the most important applications of membranes lie in the field of genomic studies, 
as sensors. Nakane, (Nakane, 2003) reported the use of nanoporous membranes as sensors for 
DNA sequencing studies. In this study ά-haemolysin, a protein with 2 nm inner pore diameter 
which allows translocation of single stranded DNA was used to determine nucleotide sequence. 
Passage of DNA through the pores resulted in current blockages due to nucleotides, and 
the duration and drop in voltage across the membrane has been used to identify the nucleotides. 
Such biological membranes however suffer from lack of mechanical stability and the need 
remains to develop a more robust membrane for such studies. A similar work by Fologea, 
(Fologea, 2005) reported using 280 nm thick silicon nitride membranes, supported by 350 µm Si 
substrates. Ion milled nanopores down to 4 nm were used to sequence DNA in a similar fashion 
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as in the work by Nakane. Silicon nitride membranes though more stable still necessitate use of 
expensive serial fabrication methods like ion milling and the need remains for a parallel process 
to make membranes in biocompatible materials in a cost effective fashion. 
2.1.2 Membrane Fabrication   
 
 Various techniques of membrane fabrication have been reported in literature (Ulbricht, 
2006) from track etched polymer  (polycarbonate) membranes using irradiation with ion beams 
on a polymer substrate and subsequent chemical degradation of exposed areas, to phase 
separation micromolding (Vogelar, 2003) and thermal imprinting techniques.  
An earlier work on membrane fabrication techniques (Hollahan, 1973) discusses 
polymerization of monomer solutions using radio frequency electrodeless plasma from a thin 
film on a micro-porous filter media. Di phenyl acetylene monomers containing siloxy and 
halogen groups were polymerized and cast on plastic petri dishes followed by slow evaporation. 
Desilylation using trifluoroaceticacid resulted in the membrane formation. High thermal stability 
and gas permeability have been reported (Hu, 2007) for these membranes along with excellent 
separation of N2 with respect to CO2. Such membranes however are useful for a narrow range of 
applications restricted to gas separation and permeability applications. 
Track etching of membranes is commonly used to make nano-porous membranes 
commercially.  The process involves chemical etching of fission tracks in polymer films 
followed by chemical etching to expand the holes. Komaki (Komaki, 1978) reported a 
fabrication procedure using poly(vinylidene) fluoride (PVDF) films irradiated with fission 
fragments from thermal neutron fission of 235U and a subsequent sodium hydroxide etching after 
cooling down of the etched film. By chemically etching charged particle tracks, holes 100 nm 
diameter or less can be generated. However the inherent pitfall of such perforated structures are 
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the random sized irregular pores made by this method; also location control and relative 
positioning of holes is not possible in such a technique.  
Pore formation with precise location control can be generated using FIB techniques. FIB 
technique allows for a maskless dry etching technique involving high energy Ga + ions to etch 
substrates. A recent study using FIB technique (Wang, 2003) reports on achieving high aspect 
ratio porous substrates by using FIB etching on an already porous medium. Porous Si substrates 
formed by photo-lithography techniques are subjected to FIB etching to create high aspect ratio 
porous membrane like 3D structures suitable for photonic optics. Though  FIB is intrinsically 
limited in bulk etching due to factors such as beam-substrate interaction and beam  reflection by 
side walls of etch, 20 µm deep holes of 0.3 µm diameter   have been reported to result in aspect 
ratios as high as 60.  Even though FIB allows for precise pore locations and high aspect ratio 
structure formation process it lags behind as a mass manufacturing process due to the serial 
nature of fabrication and expenses involved.   
An inexpensive fabrication of membrane structures can be achieved by using anodic 
oxidation of aluminum (Al). A study (Wang, 2005) on Al anodization reports fabrication of 
membrane using anodic oxidation of Al for making aluminum-based self-lubricating surface 
composites. Anodization process was performed on Al films in electrolyte solution of phosphoric 
acid, Ce salt and organic carboxylic acid. Average pore diameter of about 100 nm has been  
reported along with increase in film thickness from 3 µm to 15 µm due to additives such as Ce 
salt and carboxylic acid. This fabrication procedure results in regular pores but location control is 
still not possible as the entire Al surface is anodically oxidized leading to a regular hexagonal 
array of pores on the whole surface.  
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The focus in the current study lies on developing a technique which allows for low cost, 
high throughput production of perforated membrane structures with both mechanical stability as 
well as control over pore size and location. NIL has been reported as a promising technique to 
achieve such structures in a low cost high throughput way with precise control over pore size and 
location, as discussed in the forthcoming sections. 
2.2 Nanoimprint Lithography   
 
Nanoimprint lithography (NIL) is a low cost high-throughput process to fabricate micro- 
and nanoscale structures using conformal molding. In this section a topical introduction to the 
NIL process along with its derivatives, as published in recent literature, is discussed along with 
its applications in various fields. 
Figure 2.1 shows a schematic for the NIL process (Chou, 1996). In the process a mold 
insert or stamp with micro- and nanopatterns is used to imprint a thin thermoplastic resist layer 
cast on a substrate at elevated temperature and pressure conditions. The resist viscosity decreases 
when heated to above its glass transition temperature (Tg) and the resist is molded into the shape 
of the mold insert pattern when imprinted at such temperature conditions. Following imprinting 
the resist is cooled to below its glass transition temperature and the mold removed. The residual 
resist in the imprint cavities is subsequently removed using etching techniques and pattern 
transfer onto substrate is done either by dry/wet etch techniques or electro-deposition methods. 
As imprint lithography is not based on chemical modification of resist structure by radiation, the 
resolution is not limited by factors such as wave diffraction, scattering and interference (Chou, 
1997). 
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2.2.1 Nano Patterning Using NIL 
 
NIL is a cost effective technique to pattern thermoplastic substrates in the nanoscale. A 
past work (Zankovych, 2001) reports printing of 50 nm features over a 2 cm × 2 cm square 
successfully and initial results of imprinting 15 nm features with a 3 mm × 3 mm Cr stamp on 
100 nm thick PMMA layer. This work paved the way for further possibilities in imprinting sub- 
100 nm features and discussed various bottlenecks related to throughput and imprint quality 
based on PMMA resist used. 
 Another work (Chou, 1997) reports imprinting with 10 nm diameter pillars of 60 nm 
height on 78 nm thick PMMA substrate. The holes imprinted on PMMA conform to the mold, 
this shows the efficacy of the NIL technique in nano scale patterning. A similar work published 
earlier (Chou, 1996) reported imprints of 25 nm diameter  holes and 30 nm wide trenches 
imprinted on PMMA with nearly 90˚ corners and vertical sidewalls, proving the accuracy of NIL 
to pattern sub 100 nm features. 
Figure 2.1 – A schematic of the nano imprint lithography process 
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2.2.2 Nil Derivatives  
 
This section provides an overview about work done using common variations of the NIL 
technique to fabricate micro and nano scale structures. Methods such as UV NIL, Room 
temperature NIL, sacrificial layer assisted NIL and other techniques are discussed. 
UV (Ultra-violet) NIL offers a way to imprint based on the NIL technique at low pressure 
and temperature conditions using a UV curable resin or polymer as the imprint resist. Lee (Lee, 
2005) has reported near zero residual layer imprints over a 100 mm wafer with patterns as small 
as 150 nm. Quartz molds prepared by conventional photolithography and RIE were used to 
imprint UV curable resist, spin coated on Si substrates. Imprinted resist was cured by exposure to 
UV lamp, the entire process being carried out at low imprint pressures (15 - 25 bar),  and near 
zero residual layer was reported over the entire wafer area.  
Room temperature NIL is another technique based on low temperature conditions to 
transfer pattern into polymers. Conventional NIL process employs high temperature and pressure 
to imprint into thermoplastic polymers and are demolded at lower temperatures. Molecules 
having low molecular weight are not suitable for such thermal cycles, though some of them show 
excellent luminescence and optical properties. Pisignano (Pisignano, 2004) reported room 
temperature imprinting of low molar mass compounds using Si molds with 400 nm period 
structures, 500 nm height with aspect ratio > 2.5, patterned with e-beam lithography. The 
compounds, oligo-thio-phene and diamine derivatives were spin coated on glass substrates and 
imprinted at low temperatures with loads up to 5 kN. AFM microscopy revealed well defined 
patterns with resolution limited to pattern in the original masters.  
One of the limitations of conventional NIL is in fabricating multilayer 3D structures 
which have various uses in MEMS/NEMS applications. Recent work (Xu, 2006) reports using a 
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sacrificial layer assisted NIL technique to fabricate 3D micro- and nano multilayer structures. A 
polymer film coated on a Si mold is pressed with an Al film treated with O2 plasma to have a 
high surface energy. Upon demolding the patterned film is transferred into the Al film which 
upon etching leaves a free standing structure. By extending the process and using the Al film 
supported structure to imprint on another polymer film on a glass substrate at a temperature close 
to Tg a bi-layer scaffold type structure was fabricated upon removal of the sacrificial film. Bi-
layer scaffolds having feature size down to 75 nm in PMMA have been reported in this work. 
Another novel NIL derivative, namely polymer inking, allows for shrinkage in pattern 
size as compared to the structure size in the original stamp. This overcomes limitations in 
photolithography allowing for sub-micrometer patterning without resorting to expensive methods 
like e-beam lithography etc. Bao (Bao, 2003) reported polymer inking to pattern at the sub-
micrometer scale using larger sized stamps. Imprint is performed using a polymer film spin -
coated on a mold insert. The protruded portions of the mold are treated to have high surface 
energy due to which the polymer on the protrusions are inked onto the  substrate when they are 
in contact. This result in a low temperature process avoiding an RIE step to remove residual 
resist layer as in pattern transfer during conventional nanoimprinting. Because of de-wetting of 
polymer film near the edges a shrinkage of features after transfer has been reported. 350 nm 
width lines in mold after inking were found to have 200 nm width on the substrate. Patterns 
inked with polycarbonate showed about 75% shrinkage as compared to PMMA which shows 
30% shrinkage. Thus a viable approach to sub-micrometer patterning was found with stamps 
having relatively larger feature size.  
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2.2.3 Applications of NIL  
 
This section discusses reported applications of NIL, in diverse areas such as photonics, 
optics, device fabrication, biological applications chemical patterning and other fields. 
2.2.3.1 Electronic and Optoelectronic Devices  
 
The versatility of the NIL process can be seen in a variety of applications where it is 
employed to fabricate the device components. In this section we discuss on previously reported 
work in fabrication of some micro- nanoscale devices employing the NIL technique. 
A photonic crystal essentially consists of a periodic repeating structure of two different 
materials with different dielectric constants which provides a photonic band gap. E-beam 
lithography has been used to fabricate such structures at the nanoscale, but it is not suitable as a 
low cost, mass fabrication method.  
2D photonic crystals via NIL have been reported in a work by Chen, (Chen, 2005).  
Periodic patterns in PMMA consisting of holes 150 - 400 nm have been imprinted with NIL 
technique to produce a 2D periodic array to function as a photonic crystal.  
In another work a tri-layer NIL method has been employed to imprint periodic hole 
arrays of 180 nm diameter and 400 nm period up to a 250 nm depth in PMMA using a novel soft 
UVNIL method. A Ni lift-off process has been subsequently employed to further etch into the 
SOI (Silicon on insulator) substrate with nickel (Ni) as etch mask. The final patterned structure 
having a 250 nm thick silicon core on a 1 µm SiO2 cladding and having a defect line (defect built 
in the stamp) showed prominent interference patterns in variable angle reflectance spectra 
studies.  
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Apart from photonics NIL has been also used in passive optical devices such as 
diffraction gratings and wave guides (Seekamp, 2002). E-beam patterned Si masters with pattern 
size down to 100 nm were used to imprint in PMMA over a 2 cm × 2 cm area. Periodicity 
variations of imprints were reported to be less than 3%. The imprinted gratings have shown sharp 
dispersion with Full Width at Half Maximum (FWHM) at 20 nm. Waveguides imprinted in 
polystyrene have losses between 8 – 20 dB /cm at wavelengths of 650 – 800 nm.  
A recent work (Chen, 2005) reports a process development for fabricating planar chiral 
photonic meta materials using a room temperature NIL technique. Si masters with sub-100 nm 
chiral patterns were prepared using e-beam lithography and anisotropic RIE etch.  The width and 
the depth were 50 nm and 350 – 400 nm, respectively. The Si masters were then used to imprint 
on Hydrogen silsesquioxane (HSQ) at room temperature. The imprinted line width was found to 
be around 100 nm with well defined chiral properties as observed by polarization sensitive 
microscopy using a CMOS CCD camera. 
Compact discs (CDs) are usually made by injection molding and are currently a popular 
form of low cost data storage media. NIL technique has also been employed to fabricate a high 
density nano CD having data storage density three orders of magnitude higher than a commercial 
CD. In a published work (Krauss, 1997) high density nano structured CDs were reported to be 
fabricated with an SiO2 mold on Si substrate with 10 nm features and 40 nm period. A resist 
coated disc substrate was imprinted followed by an RIE process to complete pattern transfer and 
subsequent metal lift-off to have metallic (Ti (5 nm)/Au (10 nm)) patterns for a better read back 
capability. The final structure had 13 nm patterns with 40 nm periods corresponding to a 400 
Gbit/in2 density. Information stored could be read with an AFM using commercial Si scanning 
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process. A tapping mode AFM scan over 1000 times showed no discernable change in AFM 
image, proving the efficacy of this technique. 
With reduction in feature size of transistors to the sub- 30 nm region, single molecules 
draw much interest as active components in electronic devices. The key challenge lies in 
fabricating contacts for single molecules. Austin (Austin, 2002) has reported use of NIL in 
fabricating Au nano-contacts. SiO2 molds patterned with 20 nm features, 70 nm wide were used 
to imprint on PMMA followed by RIE to transfer pattern onto substrate. A subsequent 15 nm Au 
deposition by e-beam evaporation followed by lift-off was performed to fabricate the contacts. 
The gold contact was created using electro-migration. A gap size down to 8 nm was reported by 
varying the heating temperature during the electro-migration process. This opens future 
possibilities to reduce the gap size and capture single molecules within the gap via a cost 
effective fabrication technique, i.e. NIL. 
Another work (Mills, 2005) in microfluidic devices reported fabrication of microscale 
fluidic filters using SiO2, Si3N4 masters patterned with photolithography and RIE. Furthermore, 
focussed ion beam was used to pattern nanoscale features onto the raised structures. 40 µm wide 
channels integrated with 2 µm diameter raised pillars were fabricated in PMMA after imprint. 
Such structures could be used as filters for size exclusion of biological materials. NIL technique 
offers a low cost fabrication method involving bio compatible polymers like PMMA having and 
added transparency advantage, vital for optical microscopy.  
2.2.3.2 Bio-Chemical Patterning 
 
In this section the versatile NIL process in areas of biological studies such as protein 
patterning and selective surface modification is discussed. The ability to immobilize proteins at 
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the sub-micrometer down to nanometer level has been a major challenge in the development of 
bioengineered surfaces.  
In order to study biological molecules like proteins, it is important to immobilize them 
within selectively patterned areas. NIL has proven to be a very effective technique for such 
selective patterning.  In a work done by Park (Park, 2005) Si substrates chemically patterned 
with fluorinated silanes in 25 nm wide arrays have been reported. NIL technique coupled with 
RIE was used to emboss in PMMA using 25 nm stamps, fabricated using extreme ultra violet 
interference lithography. AFM studies revealed topological contrasts, proving the efficacy of 
NIL in sub 50 nm range chemical patterning. 
Several works have been undertaken using NIL to pattern surfaces for studying proteins. 
Falconnet (Falconnet, 2004) reported the immobilization of streptavidin molecules on 100 nm 
lines. Nb2O5 coated Si wafers were patterned with Si masters having 100 nm gratings made by e-
beam lithography. PMMA was used over the oxide layer and imprinted using NIL, and a 
subsequent pattern transfer to the oxide layer was made using RIE. Biotin was used to selectively 
pattern the exposed Nb2O5 area and the remaining areas after PMMA removal was passivated 
using poly(L-lysine)-graft-poly(ethylene glycol) (PLL-g-PEG). Streptavidin was found to bind 
specifically to the biotinylated areas as verified by fluorescent microscopy studies. In a very 
similar work (Hoff et al., 2004), streptavidin bound biotinylated protein patterns on SiO2 were 
reported, fabricated by NIL and RIE process, with the 75 nm patterns serving as targets for 
biotinylated proteins. The results characterized by rhodamine fluorescence imaging showed a 
density of streptavidin in the patterned areas similar to that of a streptavidin monolayer.  
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2.2.3.3 Genomic Studies – With Perforated Membranes Via NIL  
 
The challenges in genomic studies lie in developing more efficient ways of DNA 
molecule separation. One challenging method is to have nanoscale pillars in microchannels to 
serve as artificial gels in integrated capillary electrophoresis chips. Work by Pepin (Pepin, 2002) 
reported fabrication of high density nanopillars – 170 nm diameter inside microchannels 
fabricated by NIL process. NIL masters created using e-beam lithography were used in a tri-layer 
imprint process to transfer pattern on a SiO2 substrate. The final pattern was etched using RIE 
with Ni as etch mask deposited in a lift-off process after patterning via NIL and RIE etch. An 
elastomer cover sheet was used to complete the channels by thermal bonding. The final pattern 
had nano pillars on micro channels. Fluorescence die tests confirmed die penetration in the nano-
pillar arrays.     
Use of nanoscale perforated membranes is another way of making DNA separation 
devices. In a study by Heyderman (Heyderman, 2003) NIL is used to have a high volume 
fabrication process for nano scale perforated membranes in Si3N4 substrate. NIL process has 
been employed to imprint on PMMA resist spin coated over Cr coated double sided silicon 
nitride wafers leading to pore dimensions as small as 140 nm. The nitride wafers were 
preferentially etched from the backside using RIE and wet chemical etching using KOH to result 
in a membrane like structure. However the quintessential drawback remains in the etch process 
as over-etch could lead to membrane collapse. 
A study by Schift (Schift, 2006) reports fabrication of 3 µm diameter holes in a 
polystyrene layer 1 µm thick on Si substrate. An attempt has been made towards free standing 
structures by using Lift off resist (LOR) as a base layer spin coated with the imprint polymer. 
NIL performed helped to transfer pattern to the polymer layer followed by an O2 plasma etch 
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using RIE to open etch windows down to the LOR layer. The LOR was dissolved to have a 
supported perforated membrane like structure over a Si substrate. In a later extension work 
(Schift, 2006) 200 nm holes imprinted in PMMA supported on Si were reported.  
The technique reported above seems promising but is still some way distant from 
achieving a truly ‘free standing membrane’. Also scope for work remains in investigating the 
technique in polymers which are more chemically resistant and mechanically stable to be able to 
survive for longer periods without support. This forms the basis for this current work as 
introduced in Chapter 1. 
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CHAPTER 3. EXPERIMENTAL DETAILS   
 
 
 
The fabrication process in order to achieve the free standing perforated membrane 
structures involve a number of  key sub-processes namely stamp fabrication, a modified imprint 
process and post imprint procedures. The technical details of the manufacturing process are 
presented along with a discussion on applications. Two potential applications using the 
fabricated perforated membranes were exploited; one as a micro- and nanoscale pipette using a 
fluorescent dye and another as a platform for lipid study by locally immobilizing the lipid 
vesicles at the pores.  
3.1 Process Overview  
 
The fabrication of perforated membranes in polymers involves a number of sub-processes 
(refer Figure 3.1) mostly using semiconductor manufacturing techniques. The fabrication 
involves imprinting of a polymer on a sacrificial layer with Si stamps at a certain pressure and a 
temperature above glass transition temperature (Tg) of the polymer, subsequently cooling it at a 
temperature slightly below its Tg. and finally demolding the stamp from the polymer substrate. 
The membrane structures are realized by removing the residual resist layer by controlled plasma 
etching and subsequent selective removal of the sacrificial layer by wet chemical methods to 
complete a free standing polymeric layer detached from the substrate.  
The fabrication of the Si stamp uses patterning involving photolithography and 
subsequent pattern transfer to Si using deep reactive ion etching (DRIE) of Si. An anti-sticking  
coating is applied to the Si stamp prior to use in NIL in order to help demolding and to prevent 
the adhesion of the polymer to the Si stamp, resulting in better prints.  
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Figure 3.1- Process scheme for  fabricating  perforated membranes using NIL and a 
sacrificial layer technique 
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3.2 Stamp Fabrication  
The Si stamp or master is an important step in this fabrication process as the definition of 
the perforated membrane depends on the stamp qualities like surface roughness, sidewall profile 
and aspect ratio. In this section all the procedures performed to produce the Si masters which are 
used in imprint process are described. A number of sub-processes are employed in the 
fabrication including: photomask design, patterning of resist by photolithography, and DRIE. For 
fabrication of stamps with nanoscale pores, e-beam lithography was performed. 
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3.2.1 Photomask Design  
 
Photomasks are used for selectively patterning photoresist coated wafers. Two 
photomasks were designed and used. The structures on the photomask were comprised of dots 
and linear gratings of varying diameter, width and periodicity as tabulated in Table 3.1. The 
AUTOCAD pattern for the same is shown in Figure 3.2. This photomask with a Cr layer as a 
Dark Field pattern was custom ordered from Advanced Reproductions (North Andover, MA).  
The pattern AUTOCAD file was converted to a standard format compatible with a 
MANN 6000 Pattern Generator. A soda-lime glass photomask blank from Telic Corporation, 
(Valencia, CA) coated with AZ1500 resist obtained from Hoeschst Celanese Corporation 
(Sommerville, NJ) and having a Cr base layer was irradiated with UV light according to the 
designed pattern. The exposed resist area was removed by developing for 90 s in AZ354 
developer from Hoechst Celanese Corporation (Sommerville, NJ), the mask was subsequently 
Figure 3.2 – AUTOCAD pattern for photomask having gratings and pores 
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Table 3.1- Photomask layout 
Area Pattern type Size/Diameter (µm) Period (µm) 
1 Dots 3 10 
2 Dots 3 20 
3 Dots 7 10 
4 Dots 9 20 
5 Linear Gratings 3 6, 8, 10, 12 
6 Linear Gratings 5 8, 10, 12, 14 
7 Linear Gratings 7 10, 12, 14, 16 
8 Linear Gratings 9 12, 14, 16, 18 
 
Figure 3.3 - Process schematic for photo-mask preparation 
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kept in a de-ionized (DI) water bath for 5 min and then immersed in a Cr etch bath for 60 s. 
Etching of the Cr layer resulted in opening the window in the glass substrate exposing the glass 
beneath. A subsequent DI water immersion was performed for 5 min followed by an acetone 
bath treatment for 5 min to remove the resist layer. The mask was treated briefly to O2 plasma 
for about 10 s to ensure complete removal of any resist residue. The photomask was washed in 
flowing DI water to remove acetone and blow dried with N2. Figure 3.3 gives a schematic 
description of the above process.                                                                                                                
3.2.2. Photolithography  
 
Photolithography is an optical means for transferring patterns onto a substrate. Patterns 
are first transferred to an imageable photoresist layer.  
 
Figure 3.4- Schematic of the photolithography process  
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Photoresists are polymers diluted in a solvent liquid film that can be spread out onto a substrate, 
exposed with a desired pattern, and developed into a selectively placed layer for subsequent 
processing.  
Figure 3.4 present schematics of the photolithography process. Test grade 4 inch Si from 
Silicon Quest (Santa Clara, CA) were spin-coated with an adhesion promoter, hexa-di-methyl-
silazane (HDMS) at 3000 rpm for 60 s. This was done to ensure proper adhesion between the 
photo-resist layer to be coated and the Si substrate. After drying in air for 5 min at room 
temperature, the HDMS coated wafer was further spin-coated with S1813 positive photoresist 
from Shipley Company (Marlborough, MA) at 2000 rpm for 60 s and baked at 95°C for 90 s. 
This resulted in about a 2 µm thick resist layer on Si as verified by profilometer measurements. 
A UV exposure was performed on the resist-coated Si substrate using a Quintel UL 7000-OBS 
aligner and DUV exposure station from Quintel Corporation (Morgan Hill, CA), with the custom 
ordered photomask for a dosage of 70 mJ. The exposed wafer was developed in MF 319 
developer solution for 120 s. Two developer trays were used to ensure better resist removal by 
reducing concentration changes of the developer solution due to resist removal from the 
photomask; the first tray was used to develop for about 40 s and the next tray was used for the 
remaining 80 s. The wafers were washed in a DI water bath for 2 min and blow-dried with N2. 
Any residual resist layer  in the recessed area of the resist patterns was removed by etching with 
O2 plasma for about 10 s. 
3.2.3. Fabrication of Nanostamps by E-Beam Lithography 
 
A modified SEM having e-beam writing capabilities was used at the University of New 
Orleans for patterning at the nanoscale. The nanopattern was first designed in AUTOCAD as 
shown in in Figure 3.5, with arrays of nanoscale dots of 200 nm diameter and 500 nm period.  
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Figure 3.6 Schematic for nano scale stamp fabrication using e-beam lithography 
Figure 3.5 AUTOCAD pattern for nanoscale stamp 
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Figure 3.6 shows a schematic of the e-beam pattern writing process. The patterning was 
performed on small Si wafer pieces of 1 cm × 1 cm area which were spin-coated with e-beam 
resist (PMMA Mw  =  900 kg/mol). 
 After e-beam exposure and development, a Cr lift-off process was performed by 
depositing a 20 nm Cr layer by sputtering process in the patterned areas and subsequent Lift-off 
using acetone. The Cr layer served as an etch mask for the Si etch that resulted in transfer of the 
pattern into the Si substrate.   
3.2.4 Pattern Transfer into Si Using Reactive Ion Etching  
 
 
The reactive ion etching (RIE) process involves etching of the substrate in a plasma 
environment with the proper gas chemistry. When plasma is formed by the application of RF 
potentials, the gas molecules are broken down into a number of fragments and radicals. A 
significant number of these molecular fragments may become ionized in the plasma and may be 
accelerated to the various electrode surfaces within the discharge chamber.  In most common 
RIE systems, samples are placed on a bottom electrode and exposed to the flux of ions from the 
plasma, as well as to the more isotropic flux of gas species that may also be formed within the 
chamber. During RIE, the ions and gaseous species from the plasma react with the surface atoms 
forming compounds or molecules. These species then leave the surface terminally, if the vapor 
pressure of the species is high enough, or as a result of ion bombardment. Depending on the 
specific nature of the individual solid and gas species, the reaction may be rate-limited by the 
production rate of reactive species in the plasma, by the surface reaction rate, or by the emission 
rate of products. In many cases the ion bombardment is very useful to maintain the directionality, 
or anisotropy, of the etching process. The ion bombardment may clean the surface, allowing the 
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reaction to occur; it may stimulate the reaction itself; or it may help desorb the product 
molecules. In many of these RIE reactive ion etching chemistries, a product is formed that is not 
volatile In some cases, this effect can be exploited to protect vertical walls from isotropic 
chemical etching, while the same protecting film is removed from the bottom surface by 
energetic ions. In order to etch deep into Si for etched structures of aspect ratio higher than 3, 
deep reactive ion etching (DRIE) process was employed using inductively coupled plasma (ICP) 
from Surface Technology Systems (Newport, United Kingdom) at Georgia Institute of 
Technology.  The gas chemistry and the power used SF6:O2:C4F8 = 130:13:100 sccm and 600 W, 
respectively. The DRIE process involved alternate etch and passivation cycles to etch down and 
Figure 3.7 The TECHNICS RIE tool at CBM2 facility – LSU South Campus 
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subsequently passivate the sidewall to maintain a high degree of anisotropy, resulting in an  
almost vertical sidewall profile. The Si was etched to various depths ranging from 5 µm to 20 µm 
in order to have high aspect ratio stamps. 
 For etching low aspect ratio structures in Si and for etching of PMMA for window 
opening a TECHNICS series 800 RIE machine (Figure 3.7) located at the Center for Biomodular 
Multi-scale systems (CBM2) facility on LSU's South Campus, was used. Series of etch 
experiments were performed in order to determine etching parameters for Si and PMMA etch. A 
test to determine the etch rate of Si in SF6 plasma was performed using a resist fabricated by 
photolithography. Etching was performed by varying the gas pressure at different power settings 
for this RIE tool. Profilometer readings were taken before and after the etching and a three 
reading average was taken to determine the etched depth of the Si patterns for each sample.  
The optimized etch parameters for Si etching with SF6 were found to be 200 mTorr at 100 
W with an approximate etch rate of 250   ±  20 nm/min. The side wall profile for the etched Si 
pattern was characterized by SEM metrology and found to be near vertical with a degree of 
scallop formation due to the nature of the DRIE process used. A further optimization study was 
performed using an etch cycle of SF6 and CF4 alternately; the results of this study are presented 
in Chapter 5. This was performed to improve the sidewall profile for Si etch as using only SF6 
resulted in undercut of the stamps. The etch rate of PMMA by the O2 plasma was determined by 
using spin-coated PMMA on Si substrate. Etch depths were determined for different pressures, 
power settings and time. Figures 3.8-11 show the etching rate as a function of pressure of O2 gas 
for different power and time used. In general, the etching rate increased at low gas pressure, 
reached a maximum peak at around 250 – 300 mTorr, and decreased at higher gas pressures.  
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Figure 3.9 PMMA etch rate in O2 plasma – 20W, 1 min, 100% O2  
Figure 3.8 PMMA etch rate in O2 plasma – 15W, 1 min, 100% O2  
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Figure 3.11 PMMA etch rate in O2 plasma – 50W, 30 s  
 
Figure 3.10 PMMA etch rate in O2 plasma – 50W, 2 min  
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 Etching depths were determined for different pressure, power, and etching time. Figures 
3.8–11 show the etching rate as a function of pressure of O2 gas for different power and time 
used. In general, the etching rate increases at low gas pressure, reaches a maximum peak at 
around 250 – 300 mTorr, and then falls down at higher gas pressure. The initial increase in the 
etching rate was attributed to the increasing number of reactions between the gaseous species in 
the plasma and the etched PMMA. An excess of the gas species hinders the etching process. The 
maximum etching rates were achieved at 250 and 300 mTorr for power 15 W and 20 W, 
respectively, for 1 min etching, (Figures 3.8 and 9). For both 30 s and 2 min etching  at 50 W  the 
maximum etching  rate was found to be  at 250 mTorr  (Figures 3.10 and 11).  
3.3 Anti-Adhesion Coating for Stamp Surfaces  
 
As the size of the required structures becomes smaller, the adhesion between the stamp 
surface and imprint resist increases significantly due to the increased surface-to-volume ratio.  A 
major requirement of NIL is to have a good anti-adhesive coating on the stamp surface to reduce 
the adhesion between the stamp surface and imprint resist. This was achieved by coating the Si 
stamps with a fluorinated silane using a vapor phase deposition process. This section details the 
silane chemistry on Si surfaces, experimental set up and the procedure employed for anti- 
adhesion coating.    
3.3.1 Silane Chemistry on Si  
 
The silane coating was employed to reduce adhesion between the Si stamp and the 
imprinted polymer. The silane molecule used in this study as an anti-adhesion coating is 
1H,1H,2H,2H-Perfluorodecyltrichlorosilane, i.e., C10H4Cl3F17Si. This molecule consists of a 
head group with three chlorosilanes and a fluorinated, long carbon chain (C10).  
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Upon deposition, the chlorinated silane groups in the molecule formed bonds with the 
hydroxylated Si surface with the presence of H2O on the surface, leaving volatile HCl gas 
(Figure 3.12). In addition, cross-linking between silane groups in the neighboring molecules also 
occurs, leading to a coating layer with high density. Those reactions between the head group and 
the hydroxylated Si surface leave the fluorinated tail group at the surface side, which renders the 
surface hydrophobic. As a result, the presence of a silane layer on Si lowers the adhesion force 
between the polymer and the stamp with respect to an untreated stamp. This helps ease 
demolding and produce better surface finish for the imprinted polymer.  As mentioned earlier, 
hydroxylation of the Si surface is a prerequisite for such reactions to occur, which was achieved 
by treating Si surfaces with O2 plasma shortly before the silane coating operation. 
Figure 3.12 Schematic diagram showing silane coating chemistry 
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3.3.2 CVD Chamber Design and Construction 
 
Figure 3.13 shows the chemical vapor deposition (CVD) chamber used for silane coating. 
The chamber body consists of a 0.25 " thick steel cylinder of 9 " diameter and 4 "  height  welded 
to a steel base of the same thickness. The chamber body was custom ordered from LACO 
Technologies with four NW 25 flange fittings (MDC vacuum) on the base and along the cylinder 
wall.  The silane molecules are introduced into the chamber through a butterfly valve connected 
to a glass-metal tubule (MDC corporation, Seaside, CA). The chamber is also connected to a 
rotary vacuum pump (LS90C, Leroy Somer, Canada) and an Ar gas tank to be used for venting.  
All metal tubing connections were purchased from Swagelok (Capital Valve, Baton Rouge, LA). 
A digital pirani gauge (BOC Edwards, Wilmington, MA) is attached to the chamber body to 
enable accurate measurements of the chamber pressure changes during the process.  
Figure 3.13 CVD chamber set up   
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3.3.3 Silane Coating Process  
 
Prior to silane coating, Si stamps were cleaned sequentially with acetone, isopropanol, 
and DI water and then exposed to O2 plasma for about 10 s in order to produce the hydroxylated 
Si surface. The stamp is blow-cleaned with a N2 gun to remove any dirt on the surface and 
loaded into the CVD chamber. The chamber is evacuated until a base pressure of 2 × 10-1 Torr is 
Figure 3.14 Water contact angle vs deposition time plot   
Figure 3.15 Water contact angles before and after silane coating   
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reached. After closing the valve to the pump, the valve to the ampule filled with the fluorinated 
silane is opened and the sample is exposed to the silane vapor for 5 min. After silane deposition, 
the valve to the ampule is closed and the chamber is again evacuated to the base pressure before 
venting the chamber with Ar gas. After removing the sample, the chamber is subsequently 
cleaned with acetone and pumped again to the base pressure so that the system is kept under 
vacuum until the next use.  
The conditions for the silane coating was determined by performing a series of coatings 
for various deposition time and measuring the resulting water contact angles on the coated 
surfaces. Figure 3.14 shows the water contact angles as a function of deposition time. The 
contact angle increases sharply with deposition time and reached a saturated value of ~ 106° 
after 30 min of deposition time. A deposition time of 5 min was used for the subsequent silane 
coating of NIL stamps because it allowed for both large contact angle and a short deposition 
time. Figure 3.15 shows water contact angles before and after the silane coating.   
3.4 Fabrication of Membrane Via Imprinting Process  
 
Three types of substrates were used for the imprinting process: PMMA sheets, thin 
PMMA layer spin-coated on a Si substrate, and SU-8 with a sacrificial resist layer underneath. 
The first two types of substrates were used to fabricate supported membrane structures. The 
perforated, free-standing polymer membrane structures were realized by using the third type of 
substrates, namely SU-8, a UV curable polymer resist material along with a sacrificial layer as 
PMMA or  a  lift-off resist (LOR, Microchem, Newton, MA). LOR was chosen over PMMA due 
to easier removal of the resist using MF319 (Micochem, Newton, MA) solution as compared to 
PMMA removal using acetone in which a partial removal was achieved even after almost 24 hrs 
of acetone treatment. 
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3.4.1 Supported Membranes in PMMA Sheets by Thermal Imprinting  
 
 
One type of supported membrane structures was fabricated by thermally imprinting thick 
PMMA sheets (1/16”, Champion Industrial Plastics) using a hot press (PHI, City of Industry, 
CA) located at Atkinson Hall in LSU. Using the silane-coated Si stamps having microscale 
features of depth 1 – 2 µm, and width 3 – 10 µm, imprinting was performed under various 
temperatures and pressures. For the stamp structures used, imprinting at 175°C and 750 psi for 
10 min showed the best surface finish and filling of the polymer. The set up was allowed to cool 
down to 80°C before demolding was performed. After imprinting, the sample was micro-milled 
from the backside to produce a membrane-like structure. Due to the limitations of the micro-
milling process due to machining restrictions and compression of the patterned surface during 
machining, a 40 µm thick PMMA membrane having about 2 µm depth cavities on the topside 
resulted. The process scheme is shown in Figure 3.16.  
Figure 3.16 Schematic for membrane fabrication using thermal imprinting and 
micromilling 
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3.4.2 Free Standing Membranes in SU-8 by Thermal Imprinting  
 
Free-standing, perforated membranes were fabricated using a combination of a modified 
imprinting process and a sacrificial layer where double resist layers were spin-coated on Si 
substrates. The process schematic is shown in Figure 3.17. For the process, Si wafers are first 
diced to 2 cm × 2 cm and subsequently cleaned with acetone, isopropanol, and DI water followed 
by blow-drying with clean dry air.  The cleaned wafer pieces were first spin-coated with either a 
lift-off resist (LOR 3B, Microchem, Newton, MA) or a low molecular weight poly(methyl 
methacrylate) (PMMA, MW = 25 kg/mol, Microchem, Newton, MA) at 3000 rpm for 60 s 
resulting in a 300 nm thick layer. The layer was post baked at 150°C for 3 min and 100°C for 3 
min for LOR and PMMA, respectively. The samples were spin-coated with SU-8 (Microchem, 
Newton, MA) at 2000 rpm for 60 s, which resulted in a 5.5 µm thick SU-8 layer. A post-bake 
was performed at 95°C for 5 min. Imprinting was performed with Si stamps under various 
conditions using a 6” nanoimprinter (Obducat, Sweden). Best imprint results for SU-8 were 
achieved at the imprint temperature of 135°C and 4 MPa pressure. 
The imprinted samples were subjected to an O2 plasma etch to remove the residual SU-8 
layer from the imprinted trenches, so that the LOR sacrificial layer could be exposed to the 
developer during lift-off. The O2 plasma etching was performed at 250 mTorr and 150 W for 30 
s. The etched samples were then cured with a UV lamp (λ = 346 nm) for 5 min and post-baked at 
95°C for 5 min. The UV curing results in a crosslinking of the SU-8 resist, providing the desired 
mechanical strength and stability to be free-standing. The free-standing membrane was obtained 
by dissolving the LOR or PMMA sacrificial layer by placing the cured sample in an MF319 or 
acetone bath for 3 hours, respectively. 
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In addition to the imprinting of SU-8, PMMA spin-coated on a Si substrate was also used 
for testing the imprint process. The imprinted PMMA samples were used for a stamp replication 
process by transferring the stamp pattern to the PMMA and subsequently using an O2 plasma 
RIE process followed by a Si RIE process to replicate the pattern on the Si substrate. The spin-
coated samples were best imprinted at 175°C at 40 bars for 20 min and demolded at 80°C using a 
NIL (Obducat, Sweden) imprinter at the CBM2 facility in LSU. An optimization study was 
carried out in order to deduce the parameters for best imprint quality, which are presented in 
Chapter 5. 
3.5 Applications of Fabricated Membranes 
3.5.1 Selective Location of Lipid Vesicles at The Membrane Pores 
 
The membranes with perforated pores at designated locations have potential uses as a 
platform for studying transport phenomena through a lipid layer in conjunction with microfluidic 
systems. Such a structure allows arbitrary control of the environment on both sides of the lipid 
layer. The first step to enable the use of the fabricated SU-8 membrane for the study of lipid 
layers was to immobilize lipid vesicles selectively at the pore sites. Figure 3.18 depicts a 
schematic of this process. Prior to the immobilization, the SU-8 membranes were first activated 
by an O2 plasma etch for about 10 s and subsequently coated with poly-L-lysine-grafted-
(polyethylene glycol) (PLL-g-PEG) solution in order to prevent non-specific adsorption of lipid 
vesicles in the surrounding membrane areas. Then the adsorption of lipid vesicles followed. 
3.5.1.1 Synthesis of PLL-PEG 
 
The PLL-g-PEG was synthesized using a dialysis based procedure using sodium tetra-
borate buffer.  25 mL of sodium tetra-borate buffer (STBB, Sigma Aldrich, St. Louis, MO) of pH 
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8.0 was diluted in 40 mL DI water. The solution obtained was then titrated with either 0.1 M 
NaOH or 6 M NaOH to pH 8.5 and the volume brought to 50 mL. 0.02926 g of poly(L-lysine) 
hydrobromide (PLL-HBr)  (Sigma Aldrich, St Louis, MO) was dissolved in 0.7315 mL, 50 mM 
sodium tetra-borate buffer (pH 8.5) and vigorously stirred for 30 min. The solution was filtered 
through 0.22 µm Durapore membrane (Millipore, Billerica, MA) into a sterile culture tube; 0.2 g 
N-hydroxysuccinimidylester of methoxy poly(ethylene glycol) (mPEG-SPA, Nektar/Shearwater 
Inc., Huntsville, AL) was subsequently added to dissolve the PLL-HBr while continuously 
stirring. The resultant solution was stirred vigorously for 6 hours at room temperature. Dialysis 
was carried out (MW cutoff 6-8 kDa) for 24 hours in 1 L, 10 mM phosphate-buffered saline (pH 
7.0-7.4) with a buffer change every 6 hours. This was followed by a 24 hour dialysis in DI water. 
The final product was freeze-dried for 48 hours at -50°C and 0.2 mbar and stored under Ar at -
20°C. 
3.5.1.2 Synthesis of Phosphate Buffer Solution  
 
1 L of physiological saline solution was synthesized from NaCl. 9 g of NaCl was 
dissolved in 1000 mL DI water to make a 0.9% NaCl solution. 67 mL of phosphate buffered 
saline solution (PBS) solution was diluted to 1 L with the physiological saline solution. The pH 
was checked to be 7.4 using diluted HCl or NaOH. 
3.5.1.3 Surface Modification and Dye Staining of SU-8 Membrane 
 
 A micropipette (Eppendorf, Hamburg, Germany) was used to apply 2 µL of the PLL-g-
PEG solution on the patterned area of the membrane. The membrane was subsequently placed in 
a covered glass petri-dish. A cotton ball wet with Di water was kept alongside the membrane in 
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the covered petri-dish to provide a moisture atmosphere, which prevent the PLL-g-PEG solution 
from drying out. The set up was allowed to remain for 10 min before further processing. 
The PLL-g-PEG treated membrane sample was subsequently washed in a 4-(2-
Hydroxyethyl)piperazine-1-ethanesulfonic (HEPES, Sigma Aldrich, St. Louis, MO) buffer (pH = 
7.4) and dried in a clean environment. After drying, a micropipette was used to dispense 2.5 µL 
of  di-palmitoylphosphatidylcholine (DPPC) lipid solution (Avanti Polar Lipids, Alabaster, AL) 
stained with about 0.5 µL of Trypan-Blue dye after extruding through a sterilized filter having 
about 0.8 µm average pore size (Millipore, Bedford, MA). The PLL-g-PEG layer coated on the 
SU-8 membrane prevented non-specific adsorption of lipid vesicles, repelling them from the 
membrane layer. As a result, the only locations where the lipid vesicles could be adsorbed, if 
any, was within the pores in the membrane. Optical micrograph study was performed to confirm 
the formation of lipid vesicles in the pores by observing for distinct blue patterns in pore 
locations. Membranes which were not treated with PLL-PEG were also used as control 
experiment. 
Figure 3.17 Schematic – lipid bi-layer formation using PLL-PEG chemistry  
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3.5.2 Micro-Pipetting Using The Membranes  
 
The most straightforward application of the perforated membrane structure is as a stencil 
mask, where materials are locally patterned by passing them through the pores in the membrane. 
The ability of the fabricated structure to be used as a stencil mask is also a direct proof of the 
pore formation in the membrane. 
 For this application, PMMA sheets were thoroughly rinsed with isopropyl alcohol and 
DI water followed by drying under compressed N2 gas. UV modification was performed using a 
500 W DUV, UXM-501 MA UV exposure station (Ushio America, Cypress, CA). The substrates 
were placed at a distance of 1 cm from the source for 20 min with radiation intensities of 15 
mW/cm2. The PMMA sheets were further activated with 0.2 mg/µL 2-(N-
morpholino)ethanesulfonic acid (MES, Sigma Aldrich, St. Louis, MO) dissolved in 50 mM MES 
buffer for 2 min followed by introduction of the amine-terminated oligonucleotide (Alexa Fluo 
660-5'-GTA AAA CGA CGG CCA GTT-TTT TTT TTT TTT TT -3'-(CH2)6 NH ) and 
incubated for 20 min at 37°C water bath. The excess probes were washed with water. 
Fluorescence images of the arrays were collected with an in house evanescentfluorescence 
microscopy with a (λ = 675 nm) laser. Fluorescence images were taken before and after the 
membrane was peeled off in order to observe the dyes which were selectively adsorbed on the 
PMMA slide through the pores in the membrane. 
3.6 Conclusions 
 
Fabrication details for obtaining free standing perforated polymeric membrane structures 
via imprint lithography were discussed. A photolithography approach was chosen to have control 
over membrane pore size and location of the structures in imprint stamps. The structural depth 
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was controlled via either RIE or DRIE. A CVD chamber for anti-adhesion coating of stamp 
surfaces was designed and built. The process condition for coating of a fluorinated silane was 
determined, which results in a water contact angle of ~ 106°. Material selection issue for the 
membrane layer was addressed. SU-8 was chosen as imprint resist as it is a cross linkable 
polymer which becomes hardened by UV curing, resulting in increased mechanical stability. A 
sacrificial layer technique to release the membranes was introduced, which eliminates costly 
backside machining process. Experimental details of two applications of the perforated 
membrane structures, namely micropipetting and bi-layer lipid study, were discussed.  
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CHAPTER 4. NIL STAMP FABRICATION   
 
 
Stamps or mold inserts are the single most important tool involved in any molding–based 
technologies. As stamp materials, Si wafers are well-suited and most widely used, because the 
thermal expansion coefficient of the stamp is often identical to the resist to be structured, so that 
pattern distortion generated by a mismatch of the thermal expansion of the stamp and substrate is 
minimized. Another benefit is the ease of access to standard semiconductor processing and 
nanofabrication equipment in a cleanroom environment. Good anti-adhesion coatings using 
silane chemistry are also available. Those aspects become more important as the size of required 
features decreases to the nanometer scale as intermolecular forces between stamp and substrate 
play a key role at that scale. Therefore, stamps for this study were fabricated in Si. 
As discussed in Chapter 3, making the Si stamps requires several sequential fabrication 
steps including a pattern definition using photolithography or e-beam lithography, RIE of Si, and 
anti-adhesion coating of stamp surface. This chapter will first present results of each step in the 
course of fabricating Si stamps with microscale features via photolithography. Then, a strategy to 
produce nanostamps with the patterns in the 100 nm range by e-beam lithography and a lift-off 
process will be discussed. 
4.1 Resist Patterns by Photolithography 
 
A positive resists (S1813, Shipley Company, Marlborough, MA) used for 
photolithography. The resist coated Si wafer was exposed to UV light through a photomask to 
selectively scission the resist chain structure. Subsequent development of the exposed portion of 
the resist revealed the pattern.   
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Figure 4.1 -Photolithography development a) with HMDS b) without HMDS 
Figure 4.2- Patterns after photolithography a) 3 µm gratings, b) 3 µm diameter pores 
(a) (b) 
10 µm 
10 µm 
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The Quintel exposure station (Quintel Corporation, Morgan Hill, CA) used allows for a 
vacuum contact between the photomask and the substrate with the theoretical submicrometer 
lateral resolution. As the smallest patterns in the photomask are gratings and dots of 3 µm width 
and diameter, respectively, all the patterns in the photomask were expected to transfer into 
photoresist. Adhesion between the photoresist and substrate was critical for achieving a good 
pattern transfer via photolithography. Figure 4.1 shows optical micrographs after development of 
the exposed samples with or without a coating of an adhesion promoter, hexamethyldisilazane 
(HMDS) before the resist coating. This shows that resist patterns were detached from the Si 
substrate during development due to the poor adhesion of the resist to the Si substrate when 
HMDS was not used.  Figure 4.2 shows optical micrographs for resist patterns of gratings and 
cylindrical pillars with the minimum feature size of 3 µm width and diameter, respectively. From 
visual inspection, edges in the gratings were found to be rounded due to light diffraction effects 
during the exposure. For the pillar structures, almost perfect circular features were achieved. 
4.2 High Aspect Ratio Si Stamps by DRIE  
 
The pattern transfer from the resist to the Si substrate is achieved by two different 
methods depending on the required etching depths. For etching of depths more than 2 µm, a deep 
reactive ion etching (DRIE) process using an Inductively coupled plasma RIE tool was 
performed  (Refer section 3.2.4) using the resist pattern as an etch mask. Figures 4.3, 4.4., and 
4.5 show SEM micrographs for various Si structures after the Si DRIE and subsequent removal 
of residual resist layer by dissolving in acetone bath for about 5 min, followed by a 10 s O2 
plasma RIE at 250 mT and 300 W. 
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Figure 4.3  SEM micrographs of high aspect ratio  stamps via DRIE  
a, b)  gratings ,c,d)  posts 
Figure 4.4 – SEM micrographs of Si pillars formed via DRIE etch  
a,b) angular view, c,d) top view 
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The DRIE results show a near vertical sidewall and low surface roughness, which are 
important requirements for successful molding. However some scallop formation was also 
observed on the sidewalls, which was attributed to the alternate etch and passivation cycles used 
in the DRIE etch. During the etch cycles, physical etching by ion bombardment of the Si surface 
in the vertical direction is dominant and etching is towards the trenches. However, the sidewalls 
are also etched during the etching cycle, which produces undercut for the etched structures. Most 
of the sidewall etching is prevented by the passivation cycles where the gas chemistry used 
(Refer section 3.2.4) results in a passivation layer on both the sidewall and the trenches. 
Figure 4.5 – SEM micrographs of 3 µm diameter stamps obtained 
via DRIE  a, b) angular view, c, d) top view 
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Repetition of these etching and passivation cycles results in a wavy scallop-like structure as is 
observed in Figure 4.5 (b, d). This alternate etching and passivation process is called the 
‘BOSCH process’ in DRIE. In addition, the depression or crater-like formation is observed 
distinctly in Figure 4.5. During photolithography, as the pattern size approaches the practical 
resolution limit, the light diffraction becomes significant and this results in additional dosage of 
UV light in the central area of the pillar structures. Upon DRIE, such cavity or crater-like 
structures are formed in the Si.  
4.3 Low Aspect Ratio Si Stamps by DRIE  
 
For fabricating low aspect ratio Si stamps, a stamp copying technique was employed 
using NIL to replicate stamp patterns in a PMMA film on Si. Subsequently an SF6 RIE was used 
to etch Si to transfer the PMMA pattern to the Si substrate. The SEM images of the etched Si 
patterns for different etching times are presented in Figs 4.6-9. It is evident that with increasing 
etching time there is an increasing degree of undercut, as is clearly seen for the 8 min etched 
sample with an etching depth of ~ 2.5 µm. The undercut was due to the isotropic nature of the 
RIE process, which was limited by the RIE system used. Compared with the Si structures etched 
by DRIE, surface roughness also increased significantly. These results indicate that the RIE 
process is suitable only for shallow Si etching, thus for fabricating low aspect ratio (<1.5) Si 
stamps. For making Si stamps with higher aspect ratios, the Si DRIE process is preferred. 
Prior to using the fabricated Si stamps for imprinting, the stamp surfaces were treated 
with a fluorinated silane in the vapor phase as an anti-adhesion layer.  
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Figure 4.6 – SEM micrographs of low aspect ratio Si stamps etched 
with SF6 for 2 min   a) distant view, b) close up view 
Figure 4.7 – SEM micrographs of low aspect ratio Si stamps etched 
with SF6 for 4 min   a) distant view, b) close up view 
Figure 4.8 – SEM micrographs of low aspect ratio Si stamps etched 
with SF6 for 6 min   a) distant view, b) close up view 
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4.4 Nano Patterns Via E-Beam Lithography  
 
 
E-beam lithography was used for patterning at the nanoscale in order to obtain stamps 
having nanoscale features. Si wafers spin coated with PMMA (MW = 900k, Microchem, Newton, 
MA) as e-beam resist was used to pattern 100 nm pores using a JBX-9300FS e-beam writer 
(JEOL Ltd., Tokyo, Japan) at the Microelectronics Research Center (MiRC) located at Georgia 
Institute of Technology, Atlanta. The e-beam patterns after development with 1:1 IPA: MIBK 
(methylisobutylketone, Microchem, Newton, MA) developer for 60 s are subjected to an O2 
plasma etch (etch rate 220 nm/min at 600 W) for about 10 s to remove the residual resist layer. In 
order to transfer the pattern to the Si layer the plasma etched wafer pieces are sputter deposited 
with Cr and lift off process is performed to remove Cr selectively from the Cr surfaces. This 
leaves a Cr pattern on the Si corresponding to the originally exposed PMMA areas. The 
patterned Cr acted as masks for subsequent RIE etch of the Si to form stamps having nanoscale 
features.  Figure 4.10 depicts 100 nm patterns in PMMA by e-beam lithography from MiRC    at  
Figure 4.9 – SEM micrographs of low aspect ratio Si stamps etched 
with SF6 for 8 min   a) distant view, b) close up view 
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Figure 4.10 – SEM micrographs of e-beam patterns on PMMA  a) 
distant view, b) close up view 
Figure 4.11 – SEM micrographs of 160 nm diameter Cr in Si patterned 
by e-beam and lift-off process - a) distant view, b) close up view 
 53 
Georgia-Tech. The SEM micrographs show residual resist in the patterned cavities resulting 
from not optimizing the development process to reduce the residual layer. The circular patterns 
are slightly larger than the designed 100 nm diameter because of scattering effects during e-beam 
patterning leading to a slightly larger exposed area than the desired size.  In second attempt to 
pattern with the e-beam, 160 nm diameter Cr dots in Si were obtained by e-beam writing on spin 
coated PMMA layer followed by Cr deposition and liftoff. A modified SEM (LEO 1530 
Variable Pressure Field Emission Scanning Electron Microscope, Carl Zeiss SMT Ltd., 
Cambridge, United Kingdom) with e-beam writing capability at the Advanced Materials 
Research Institute (AMRI) at the University of New Orleans was used for this process. SEM 
micrographs of the Cr pattern in Figure 4.11 reveal uneven Cr dots on Si. Backscattering of 
electrons led to distortion in the exposed circular patterns, resulting in irregularities in the final 
pattern of the Cr dots on Si. 
4.5 Conclusions 
 
Si stamps with microstructures were fabricated via photolithography and Si DRIE, 
resulting in high aspect ratio structures (>2.5) with near vertical sidewalls. 
100 nm diameter pores in PMMA and 160 nm Cr dots were patterned using e-beam 
lithography as an initial step towards fabrication of nanoscale stamps. SEM micrographs showed 
a slight distortion in the patterned structures attributed to back scattering by electrons during the 
resist patterning by the e-beam.  
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CHAPTER 5. POLYMER MEMBRANES FABRICATED VIA 
IMPRINT LITHOGRAPHY 
 
5.1 Supported Membrane Fabrication in PMMA Sheets   
 
In many portable and disposable biochips, microfluidic channels and components are 
formed in commercially-available thermoplastic polymer sheets such as PMMA and PC. 
Perforated membrane structures on polymer sheets as substrate were developed with the 
objective of incorporating the fabricated membrane structures in a modular fluidic system as a 
fluidic component. The process to achieve the membrane structures in polymer sheets consisted 
of imprinting PMMA sheets to define pore structures and milling from the backside of the 
substrate to achieve perforated structures. 
5.1.1 Optimization of PMMA Imprinting  
 
PMMA sheets of 1/16” thickness were purchased from Champion Industrial Plastics 
(Baton Rouge, LA) . Imprinting was performed with the Si stamps containing microstructures of 
different patterns (linear gratings and dots of various sizes). Figure 5.1 shows optical 
micrographs for the linear gratings of 7 µm width imprinted in PMMA sheets under different 
pressure and temperature conditions and demolded at 100°C. Imprinting at 160°C and 500 psi 
results in an incomplete filling of PMMA, as can be seen by the structure lines in Figure 5.1(b).  
When imprinted at 185°C and 750 psi, on the other hand, a significant warping and smearing 
features at edges of the gratings were observed. Based on the optical micrographs, best imprint 
conditions were determined to be 175°C at 750 psi for 10 min imprint time (Figure 5.1(d)).  
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A parametric study was performed to determine optimal imprint conditions for PMMA 
spin-coated wafers for stamp replication. The thickness of the PMMA layer was 5000 nm. Figure 
5.2 shows optical micrographs of the imprinted PMMA patterns for different temperatures, while 
the pressure and imprint time were kept constant (40 bar and 4 min). At 145°C  incomplete 
filling was observed as seen in Figure 5.2(a), due to insufficient resist flow at this temperature, at 
165°C surface damage was observed. The imprint at 155°C had both complete filling and a 
cleaner surface than the one at the higher temperature. Optimal conditions for keeping both 
surface quality and complete filling level were determined to be 155°C at 40 bar pressure for 4 
min imprint time. In Figure 5.3, imprint time was varied while the imprint temperature and  
 
Figure 5.1 - PMMA sheet imprint results – a) 175°C, 500 psi b) 160°C, 
500 psi c) 185°C, 750  psi  d) 175°C, 750 psi 
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Figure 5.2 – Temperature varying study of spin coated PMMA imprints at 4 min 
and 40 bar - a) 145°C   b) 155°C  c) 165°C 
Figure 5.3 – Time varying study of spin coated PMMA imprints at 155°C and 40 
bar - a) 1 min    b) 4 min  c) 8 min 
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pressure were set to 155°C and 40 bar. In general, better filling of the PMMA was observed for 
longer imprint times due to enhanced polymer flow. However, even after 8 min, surface patterns 
showed incomplete filling. Thus for further imprints, an extended imprint time of 10 min was 
used.  
5.1.2 Micromachining for Supported Membranes  
 
After defining pore structures in one side of a PMMA sheet by imprint lithography, the 
backside of the PMMA sheet was thinned down by micro-milling in an attempt to achieve 
perforating of the pore structures. Figure 5.4 shows SEM micrographs for the cross-section of the 
PMMA sheet after the front-side imprinting and the backside milling. The thinnest membrane 
that was achieved was a 40 µm thick PMMA membrane due to limitations of the micro-milling 
technique and the low mechanical strength of PMMA. Attempts to micro-mill to lower thickness 
resulted in the membrane being torn off. In addition, the front-side pore structures fabricated by 
imprinting were compressed during the micro-milling of the backside by the milling tool. This 
resulted in a very shallow imprinted pores (<2 µm) as shown in Figure 5.4(b). As a result, it was 
more difficult to achieve perforation of the membrane by the pores. In order to achieve 
Figure 5.4 – SEM micrographs of micromilled PMMA membrane a) distant 
view b) close up view 
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perforated structures in PMMA sheets, an additional process such as the dissolution of a residual 
polymer layer using an appropriate solvent is required.   
 
5.2 Free Standing Membrane Fabrication in SU-8 on Si   
 
After confirming the limitations of the process that was developed for the fabrication of 
perforated membranes in bulk polymer sheets, a new strategy was taken, which combined a 
modified imprinting process using SU-8 resist with a sacrificial layer technology, to achieve 
free-standing, perforated membranes.  
5.2.1 Imprinting of SU-8 on Si 
 
A key challenge in fabricating  free-standing membranes with micro- and nanopores is to 
select polymer materials that allow for imprinting of high aspect ratio structures with good 
replication fidelity and at the same time have enough mechanical stability to be free-standing. 
Thermoplastic polymers such as PMMA and PC, which are widely used for imprinting, do not 
provide enough mechanical stability. SU-8 was chosen as the membrane layer because it is 
widely used for high aspect ratio microstructures in the ultra-violet lithographie abformung 
galvanoformung (UV-LIGA) process and high mechanical stability was expected. As an imprint 
resist, however, SU-8 proved to be more challenging than PMMA. A parametric study was 
needed to determine the best imprint parameters. 
Imprint parameters for SU-8 were determined by performing imprints without a 
sacrificial layer. Figures 5.5 and 5.6 show imprinted SU-8 at different imprint temperatures with 
fixed pressure and imprint time performed on two different molding systems; one was an Atlas T 
25  hot press (SPECAC Corporation, UK ) and the other, a commercial 6" NIL imprinter 
(Obducat, Sweden), respectively.  
 59 
(a) (b)
(c)
130°C, 3 
tons, 20 min
135°C, 3 
tons, 20 min
140°C, 3 
tons, 20 min
10 µm10 µm
10 µm
135
tons, 20 min
(a) (b)
(c)
5 µm 5 µm
5 µm
120°C 50 bar 
20 mins
130°C 50 bar 
20 mins
135°C 50 bar 
20 mins
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.5 - SU-8 imprint - temperature optimization study at   3 ton load via 
hydraulic press for 20 min – a) 130°C, b) 135°C, c) 140°C 
Figure 5.6 - SU-8 imprint - temperature optimization study at 50 bar via NIL 
imrpinter for 20 min – a) 120°C, b) 130°C, c) 135°C 
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Irrespective of the molding system used, the imprint at temperatures both lower than 
130°C and higher than 140°C resulted in incomplete filling of the patterns. Since the hard-baking 
temperature of SU-8 was 150°C, the flow of SU-8 at close to this temperature will be impeded 
by partially cured SU-8. On the other hand, imprinting at a lower temperature below 120°C also 
resulted in incomplete filling of trench cavities. Best imprint results were obtained when 
imprinting was performed at 135°C and 40 bars for 20 min.  
Figure 5.7 shows SEM micrographs of imprinted SU-8 with 9 µm diameter pores without 
a sacrificial layer under these imprint conditions. Uniform and ordered pore patterns are 
observed. Even at the optimized imprint conditions, however, the replication fidelity was not as 
good as that for PMMA or PC, as observed in the sagging around pores. The increased 
mechanical strength gives rise to decreased replication fidelity. Nonetheless, those parameters 
were used for imprinting of SU-8 with either a PMMA or LOR sacrificial layer underneath. 
A slight resist adhesion to the Si stamp surface was observed with SU-8 imprinting, 
which did not occur when PMMA was used as the resist. This increased adhesion was attributed  
Figure 5.7 – SEM micrographs of 9 µm diameter pores imprinted on SU-
8 without using sacrificial layer – a)  distant view b)  close up view   
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to the highly negative charge of SU-8 and its partial curing. After each imprinting, the 
stamp was cleaned again by using ultrasonics in an acetone bath. 
5.2.2 Free Standing Perforated SU-8 Membrane  
 
After achieving optimal conditions for imprinting SU-8 films coated on a Si substrate, a 
sacrificial layer technology was employed, where double resist layers were spin-coated on Si 
substrates. A lift-off resist (LOR, Microchem, Newton, MA) and a low molecular weight PMMA 
were used as the lower sacrificial layer and a UV-curable SU-8 was used for the active 
membrane layer. 
Initial testing with the sacrificial layer technique was performed by using a low molecular 
weight PMMA because the PMMA was known to easily dissolved in acetone. The depth of the 
pillars in the stamp was chosen to be slightly larger than the thickness of the SU-8 layer so that 
there was no residual SU-8 at the bottom of the imprinted holes. Nevertheless, an O2 plasma 
treatment was needed in order to ensure that the LOR layer is exposed. The imprinted samples  
Figure 5.8 – SEM micrographs of 1.5 µm diameter pores imprinted on SU-8 
using PMMA as sacrificial layer – a) distant view b) close up view   
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were then subjected to O2 plasma etch to remove the residual SU-8 layer from the imprinted 
trenches, so that the sacrificial layer was exposed to the developer during lift-off. Figure 5.8 
shows the UV-cured SU-8 membrane with 1.5 µm diameter pores after attempting to remove the 
PMMA sacrificial layer in an acetone bath for 3 hours. Even after 1 day, the SU-8 membrane 
layer was not fully released. This was due to the insufficient solubility of PMMA to acetone and 
insufficient transport of acetone through the micropores. When LOR was used as the sacrificial 
layer, however, a clean and fully-released SU-8 membrane was obtained, as is shown in Figure 
5.9. The thickness of the membrane was expected to be slightly less than 5 µm. Even though the 
SU-8 membrane was a bit brittle after UV curing, it was mechanically stable enough to be 
selfsupporting. In order to confirm perforation of the pores through the membrane, a 20 nm Au 
layer was deposited on both sides of the membrane and the SEM micrographs were taken. For  
Figure 5.9 – Clean and fully released SU-8 membrane  
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Figure 5.10 – SEM micrographs of free standing SU-8 membrane - top view  
a,b,c) top surface, d,e,f) bottom surface  
Figure 5.11 – SEM micrographs of free standing SU-8 membrane – angular 
view  a,b,c) top surface, d,e,f) bottom surface  
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that, the membrane was cut through the middle of a patterned area and one of the portions was 
reversed before placing on a dummy Si wafer in order to study the back side of the imprinted 
wafer. Figures 5.10 and 5.11 show the SEM micrographs for the SU-8 membranes from the top 
and bottom surfaces, respectively, clearly confirming the formation of perforated structures. 
 Figure 5.12 shows SEM images of the SU-8 membrane with the smallest  pore structures  
achieved repeatably. The diameter of the pore was 1.5 µm. This was fabricated with a stamp 
containing pillar structures with 2 µm diameter. The pore structures are less sagged than the 
larger pores depicted in Figure 5.7. This can be attributed to different filling behavior for 
structures with different diameter/period ratios. Sometimes, pores with  smaller diameters down 
to 500 nm were produced as shown in Figure 5.13. These were much smaller than the pillar  
Figure 5.12 -1.5 µm pores in SU-8  a,b) angular view, c,d) top view  
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diameter on the Si stamp. This is attributed to shrinkage of the SU-8 resist during the post-
processing. The factors affecting the degree of this shrinkage are yet to be determined. 
Considering the sub-10 nm resolution of imprint lithography, the method developed in this work 
can be extended to the nanometer scale. However, imprinting of much higher aspect ratio 
structures and development of a new resist complying with both easy filling and enough 
mechanical strength would be prerequisites. 
5.3 Conclusions  
 
A parametric study was performed to determine optimal imprinting conditions for PMMA 
and SU-8. Two approaches were taken with PMMA as imprint resist in order to fabricate the 
imprinted strcutures. Bulk PMMA sheet imprints were performed, coupled with micromilling of 
the backside in ortder to achieve through hole formation, along with Imprints on spincoated 
PMMA on Si wafers. The micromachining limitations led to restrictions in obtaining  membrane 
thicknesses lower than 40 µm and resulted in compression for the structure surface during the 
machining process.  PMMA spin-coated on Si were imprinted for stamp replication purposes, 
using a Si RIE process to transfer the pattern in the Si surface to complete the pattern transfer. 
Figure 5.13 - 500 nm pores in SU-8 a) distant view b) close up view  
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SU-8 resist was used to obtain membrane like structures using a sacrificial layer technique. 
Initial tests were done with PMMA as sacrificial layer due to easy availability and low cost of 
Acetone, used to remove the PMMA layer. However incomplete PMMA removal due to poor 
penetration through the pores coupled with low dissolution rate prompted use of LOR (Schift, 
2006), having faster dissolution rates using MF319 as the developer solution (Microchem, 
Newton, MA). Completely free standing membranes with through holes was achieved using 
LOR as sacrificial layer as verified by SEM metrology. 
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CHAPTER 6. APPLICATIONS OF POLYMER MEMBRANES 
6.1 Lipid Bi-Layer Studies on SU-8 Membranes    
 
The membranes with perforated pores at designated locations have the potential to be 
used as a platform to study transport phenomena through lipid layers in combination with 
microfluidic systems. Such a structure allows for arbitrary control of the environments on both 
sides of the lipid layer. This is the case with cell membranes, where both sides of the membrane 
are surrounded by different environments. A cell membrane structure can be imitated by 
immobilizing the lipid vesicles selectively at the pore sites in the SU-8 membrane. 
One important issue in achieving selective adsorption of lipid vesicles is to prevent non-
specific binding on the SU-8 membrane surface surrounding the pores. It is known that many 
biological materials such as proteins and enzymes do not adsorb at hydrophilic surfaces and one 
of the most effective materials for this purpose is poly(ethylene glycol) (PEG)-based polymers. 
In this work, a PEG based block copolymer, poly-L-lysine-grafted-poly(ethylene glycol) (PLL-g-
PEG), which was synthesized in-house (refer sections 3.5.1.1-3), was used. PLL-g-PEG is 
known to bind to an electronegative surface via the lysine group forming ionic bonding and the 
PEG brush part is extended toward the surface. In order to achieve an electronegative surface on 
the SU-8 membrane, O2 plasma treatment is performed prior to the PLL-g-PEG adsorption. 
The PLL-g-PEG adsorption was followed by deposition of a lipid solution. The lipid 
solution used was DPPC lipid (estimated vesicle size ~10 µm) stained with Trypan blue dye. The 
blue dye was coupled with the lipid vesicle in the solution, which allowed determination of the 
adsorption of lipid vesicles by optical microscopy. 
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Figure 6.1 shows optical micrographs before and after exposure of the lipid solution to 
the SU-8 membrane and washing with DI water. It can be clearly distinguished that, although 
faint, a blue color was seen only at the pore sites while no trace of the blue dye was observed in 
the surrounding areas. This indicated a selective adsorption of the lipid vesicles at the pore sites 
and showed that the PLL-g-PEG coating was effective for avoiding non-specific binding to the 
surrounding area.   
Figure 6.2 shows optical micrographs after the lipid adsorption at the pores of 9 µm 
diameter, where three different adsorption behaviors were observed. Some pores are fully 
covered with lipid vesicles, while some pores are partially-filled or not filled at all. This is 
attributed to the fact that the pore diameter was much larger than the estimated size of the lipid 
vesicle and that the lipid layer could not sustain the surface tension existing at the pores. This 
indicated that a stable lipid layer was formed only when the diameter of the pore was comparable 
to the size of the lipid vesicle. 
Figure 6.1- Dye stained lipid study on PLL-PEG treated SU-8 membrane  a) 
before dye application,  b) after  dye application 
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6.2. Micropipetting of Fluorescence Dye 
 
For micro-pipetting applications of perforated membranes, a fluorescent dye study was 
performed on the SU-8 membranes. The SU-8 membranes were placed on a surface modified 
PMMA slide and subjected to 2 µL of a fluorescence dye solution (refer section 3.5.2). Images 
were obtained after application of the dye (Figure 6.3(a) and (b)) and after removal of the 
membrane (Figure 6.3(c) and (d)) in order to confirm local adsorption of the dye by passing 
through the perforations. A very strong fluorescent signal was seen after dye application (Figure 
6.3(b)) due to the large concentration of the dye on the membrane surface before membrane peel-
off. Figures 6.2(c) and (d) are images of the PMMA slide at different fluorescence gain values 
after peeling off the membrane. A regular modulation of the fluorescence signal was distinctly  
 
Figure 6.2- Optical micrograph showing preferential dye staining on SU-8 
membrane treated with PLL-PEG  
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observed, confirming that the dye passed through the pores. This is also a direct proof of the 
perforated pore formation. However, there were still fluorescent signal at locations between 
pores. This indicated that the dye diffuses through the gap between the SU-8 membrane and the 
PMMA slide slightly.  
6.3 Conclusions 
 
Two applications using the perforated membrane structures were demonstrated. In one of 
the applications the membrane was used in a lipid bi-layer study using selective patterning of dye 
stained lipid layer on SU-8 surface using PLL-g-PEG chemistry.  
Figure 6.3 Fluorescence dye studies on SU-8 membrane – a) optical image b) 
fluorescence image after dye application c) fluorescence image at gain 2000 
d) fluorescence image at gain 1000  
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Optical micrographs showed faint blue stains in pore areas proving lipid bi-layer 
formation in those areas of the SU-8 surface which were not exposed to PLL-PEG. Smaller pore 
sized membranes showed better stain results as the lipid vesicle size was closer to the diameter of 
the smaller pores (1.5 µm) and larger pore membranes  showed a relatively less degree of 
staining resulting from the collapse of the bi-layer in those pores.  
A micropipetting study using the membrane showed patterned dye stains in fluorescent 
images of the PMMA sheet on which the membrane was placed as a stencil mask. Fluorescent 
dye was used to confirm passage of dye through the pores in an ordered fashion. Fluorescence at 
some pore junctions indicated dye diffusion through the gap between the PMMA surface and the 
membrane. 
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CHAPTER 7. CONCLUSIONS AND FUTURE WORK  
 
7.1 Summary  
 
A process sequence was developed to fabricate free-standing and perforated membrane 
structures in polymers down to sub-µm pore diameter sizes. All parallel patterning processes, 
which combine imprinting technology with micromachining techniques were used. The technical 
challenges of this work included stamp fabrication, optimization of high aspect ratio (>2.5) 
imprinting and post-processing to complete the formation of perforated structures. The Si molds 
used in imprinting were fabricated by conventional photolithography, followed by subsequent 
pattern transfer using Si deep reactive ion etching. An in-house chemical vapor deposition 
chamber was designed and built for anti-adhesion coating of stamps with fluorinated silanes. 
Imprint optimization was done for both PMMA and SU-8 resist.  A double resist layer imprinting 
technique using a lift-off resist (LOR) as the sacrificial layer was developed coupled with 
thermal imprinting and UV curing to achieve perforated membrane structures having higher 
mechanical stability than traditional NIL imprint resists like PC or PMMA.  An attempt was 
made to study lipid bi-layer formation with fluorescence microscopy using dye stained lipid 
vesicles and PLL-g-PEG chemistry.  
7.2 Conclusions 
 
A novel low cost high throughput fabrication technique was discussed to fabricate free 
standing perforated membranes in polymers. Using Si masters patterned with photolithography 
in a NIL process to imprint polymer resist allows control of both pore size and orientation. The 
use of LOR as sacrificial layer helped reduce fabrication time and cost by eliminating the need 
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for backside etching procedures to make the membranes free standing. The mechanical stability 
of membranes was addressed by using a UV curable resist allowing for greater stability than 
traditional imprint polymers like PMMA or PC.  The surface of these membranes can be 
chemically treated to act as a platform for studying bio- molecules such as proteins in lipid bi-
layers. The free-standing nature of the membranes allows for a host of other applications in DNA 
studies and genomics as well. 
7.3 Recommendations For Future Research 
 
The present study can be extended to scale down the pore diameter sizes to the sub 100 
nm regime by using nano-patterned stamps fabricated by e-beam lithography. The micro/nano-
patterned membranes can be used for biological studies of proteins by lipid bi-layer formation on 
the membrane as a solid support. If generated, nanoscale pores would widen the application of 
such membranes in DNA studies including sequencing of single-stranded DNAs where 
mechanically stable sub 100 nm pore size membranes can play a critical role and be 
commercially viable as well considering the possibility of high throughput and low cost 
manufacture using NIL technique. 
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